The therapeutic benefits of Greenshell™ mussel (GSM; Perna canaliculus) preparations have been studied using in vitro test systems, animal models, and human clinical trials focusing mainly on anti-inflammatory and anti-arthritic effects. Activity is thought to be linked to key active ingredients that include omega-3 polyunsaturated fatty acids, a variety of carotenoids and other bioactive compounds. In this paper, we review the studies that have been undertaken in dogs, cats, and horses, and outline new research directions in shellfish breeding and high-value nutrition research programmes targeted at enhancing the efficacy of mussel and algal extracts. The addition of GSM to animal diets has alleviated feline degenerative joint disease and arthritis symptoms, and chronic orthopaedic pain in dogs. In horses, GSM extracts decreased the severity of lameness and joint pain and provided improved joint flexion in limbs with lameness attributed to osteoarthritis. Future research in this area should focus on elucidating the key active ingredients in order to link concentrations of these active ingredients with their pharmacokinetics and therapeutic effects. This would enable consistent and improved efficacy from GSM-based products for the purpose of improved animal health.
Introduction
The Greenshell™ mussel (GSM; Perna canaliculus) is endemic to the coastal waters of New Zealand and has been a part of the staple diet of the indigenous Māori people for hundreds of years [1, 2] . Interests in the health benefits of GSM stemmed from the initial observation that coastal Māori communities who consumed GSM had a lower incidence of arthritis than their European or inland counterparts [1, 2] . Commercial farming of GSM and research on its potential anti-inflammatory effects began in the early 1970s. Since then, the therapeutic effects have been studied using in vitro test systems and animal models, as well as in veterinary and human clinical trials. Over the last 40 years, ca. 150 publications on the therapeutic effects of GSM have been written, however, health claims surrounding GSM products have been embroiled in controversy (e.g., [1, 3] ). Through in vitro experiments and in vivo trials, the effects of GSM have been investigated in diseases such as arthritis, cancer, and asthma, as well as on digestive processes (e.g., [1, 4, 5] ). The evidence for anti-cancer properties and activity against some other diseases are not well established [5, 6] . There is stronger, although sometimes conflicting, evidence from in vitro and in vivo trials that extracts of GSM are effective in alleviating the symptoms of inflammation and osteoarthritis [7] . Here, the avoidance of iatrogenic effects encountered with other interventions, such as gastric intolerance of non-steroidal anti-inflammatory drugs (NSAIDS), is an appealing aspect of nutritional supplementation with GSM extracts.
Greenshell mussels contain a range of bioactive lipids; including EPA (eicosapentaenoic acid), DHA (docosahexaenoic acid) and furan fatty acids (F-acids), sphingolipids, phytosterols, diacylglycerols, diterpenes, sesquiterpenes, and saponins, alongside anti-oxidants such as carotenoids, xanthophylls, and anthocyanins [8] [9] [10] . Most of these compounds are likely biosynthesized in marine algae and then accumulate in the shellfish that feed on them (such as GSM). For some of these bioactives (e.g., EPA and DHA), there is evidence demonstrating effectiveness in relieving the symptoms of arthritis and other inflammatory diseases, not only when they come from GSM but also when they originate from other sources (e.g., see [11, 12] ). New classes of bioactive compounds found in GSM, such as pro-resolving lipid mediators, are becoming known [13] .
In vitro studies suggest that the bioactivity observed from extracts of GSM may be through effects on both the cyclo-oxygenase (COX) [8] and lipo-oxygenase (LOX) pathways of arachidonic acid metabolism [2, 14, 15] . Beneficial activity has been linked to key active ingredients that include the well investigated omega-3 polyunsaturated fatty acids (i.e., EPA and DHA). Other lipids including pro-resolving lipid mediators, bioactive peptides and F-acids may also have a role in the beneficial effects that have been demonstrated and may act via different pathways [13, 16] .
In the present paper, we review the results from veterinary trials in cats, dogs, and horses where diets were supplemented with GSM. Using this information, we outline promising new research directions which will help to improve future studies in this area and ultimately lead to new strategies to improve animal health and may also impact human health.
Materials and Methods
A literature review using the words 'Greenshell mussel' and 'veterinary' and 'animal' was undertaken to identify peer-reviewed publications where GSM preparations were evaluated in veterinary trials. This identified studies using cats, dogs, and horses; more intensive searches using the common name and the systematic names for these animals were then conducted. The key aspects of these trials were tabulated and the results from different trials evaluated.
Results
From the literature available, 10 studies on the effects of GSM extracts in dogs, cats, and horses were identified (Table 1) . A single study was on cats, seven studies were on dogs, and two studies were on horses. The studies assessed diets supplemented with GSM extracts, usually in powder form. In some of these studies, the effects of GSM extracts alone have been accessed, and in other trials GSM extracts have been combined with other constituents thought to have anti-inflammatory and anti-arthritic effects (see Table 1 ).
The single clinical trial investigating cats with degenerative joint disease [17] was a blinded randomized controlled trial involving 40 cats (Table 1) . A test diet high in EPA and DHA and supplemented with GSM powder, and glucosamine and chondroitin sulphate improved objective measures of mobility when compared to cats on a control diet. Correspondingly, EPA and DHA concentrations in plasma were significantly elevated by the test diet. Because this study evaluated the effects of GSM powder in combination with other supplements, the beneficial effects observed in this study cannot be attributed solely to supplementation with GSM powder.
With one exception [18] , the studies conducted on dogs provide evidence on the beneficial effects of GSM extracts for alleviating symptoms of osteoarthritis (Table 1) . Whilst there is difficulty directly comparing the results from these studies because of differences in trial design, in the GSM extract used and in the way doses are reported, the majority of the studies reported improvement of symptoms in osteoarthritic dogs supplemented with GSM extracts compared to those with control diets. Two of the studies used objective measures of assessment such as motor activity using ground reaction force measurements [19, 20] , the remainder of the studies relied on subjective owner assessments and/or semi-objective veterinary assessments.
Two further studies were identified in the literature with horses (Table 1) . In a trial with 10 healthy horses in which inflammation was induced via intra-articular injection of interleukin 1 (IL-1), control horses on a normal diet (lacking nutraeutical and ingredients) had increased levels of synovial fluid prostaglandin E2, sulfated glycosaminoglycans, protein concentrations, and leukocyte counts. Horses which were fed 15 mg/kg/day of a dietary nutraceutical containing lipids from GSM, in addition to a normal diet, as well as ingredients including shark cartilage and abalone, had no increase in synovial fluid prostaglandin E2 or sulfated glycosamino glycans [21] . In the second study, a lyophilized GSM powder (Biolane ® Vitaco, Auckland, New Zealand) was evaluated in horses with chronic fetlock lameness attributed to osteoarthritis [22] . In this randomised, double-blinded, placebo-controlled study with partial crossover (some horses received placebo then Biolane ® following a washout period and vice versa), 20 horses received the placebo (microcrystalline cellulose with non-active colours and flavour to mimic mussel components), and 19 received Biolane ® at a dose of 25 mg/kg/day for 48 to 71 days. Clinical evaluations revealed a significant reduction in severity of lameness, improved response to the joint flexion test and reduced joint pain in horses receiving Biolane ® . %DM = percentage of dietary material; DHA = docosahexaenoic acid; DJD = degenerative joint disease; EPA = eicosapentaenoic acid; OA = osteoarthritis. * Study was extended an additional 56 days and Greenshell mussel extract fed to all dogs. Results of this extension also indicated benefit. † An initial trial also summarised in this paper was used to determine no adverse effects of the nutraceutical supplement on otherwise healthy animals.
Discussion
Our review of the literature has produced insights from trials in cats, dogs, and horses on the value of GSM extracts in veterinary medicine. Multiple research papers report that GSM extracts alleviate arthritis symptoms in animals, although the results from some studies were clearer than in others. Further improvements in effectiveness are likely to be achieved through investigations that provide a better understanding of the active ingredients and the identification of any new unique active ingredients. Moreover, a better understanding of dose response in different species and the optimum duration of treatment when coupled with increased knowledge on mode of action, bioavailability, and pharmacokinetics will further advance this field.
There was difficulty comparing the results of different studies because of the way they were carried out, the exact nature of the GSM extract being evaluated and the fact that some studies combined other supplements with the GSM extract for evaluation [17, 21, 28] . Nevertheless, the findings from trials in cats, dogs and horses were consistent with indications from pre-clinical studies in rats showing Lyprinol ® (a stabilized lipid GSM extract; Pharmalink International, Hong Kong, China) had anti-inflammatory effects and reduced dysmenorrhoea [29] and pain in a rat adjuvant-induced arthritis model [30] . A similar impact on pain was obtained with an alternative solvent extracted lipid-rich fraction of GSM flesh when used in the adjuvant-induced arthritis model in rats [31] , while stabilized GSM extracts (CO 2 -supercritical fluid extraction) also had significant anti-inflammatory effects in this model with no apparent adverse effects [32, 33] . Heat processing of GSM has been shown to destroy its beneficial activity. The processing of whole GSM and incorporation into foods therefore requires care and suitable processing techniques to avoid destroying any efficacy of the final product [24] .
As indicated earlier, experimental and human studies now span some 40 years, and whilst most of the animal veterinary trials have been conducted in the last 15 years there is still considerable inter-study variation in the ingredients and dosages used, making meta-analysis impossible. In the studies assessed during this review, animals demonstrated beneficial effects with GSM doses between 4-49 mg/kg/day, depending on the formulation of the GSM extract. It is noteworthy that in one study 2-8 g/kg/day doses of GSM have been provided to rats with no ill effects [22] . Hence, the margin between an effective dose and a toxic dose of GSM could be substantial and pharmacokinetics of different components of the extracts will be important. This safety data is reassuring if animal feeds are to be supplemented in the future with GSM mussel extracts.
To better understand the active components of GSM extracts, isolated fractions and new products are being assessed for their anti-inflammatory and anti-allergic effects using in vitro and in vivo models. Early work establishing the bioactive action of GSM extracts indicated that a fatty acid fraction inhibited COX enzymes involved in the inflammatory response [8] and also inhibited 5-LOX activity, thereby ameliorating the deleterious effect of leukotrienes in arthritis, without gastric side-effects [2, 15, 34] . Recently, other bioactives including a range of carotenoids (including fucoxanthin), pro-resolving lipids mediators, sulphated polysaccharides, and F-acids have been identified as potential potent anti-inflammatory components of GSM extracts [13, 16, 35, 36] . Although F-acids were first identified in the 1960s and 70s, their beneficial effects are only just being revealed. Using in vitro human dendritic cells and immortalised cell (THP-1) models to determine the effects on inflammatory gene regulation and expression allows for the examination of a broad range of potential inflammation-associated genes. Strategies such as this are likely to increase the understanding of the inflammatory pathways that may be impacted by a range of GSM bioactives. The THP-1 cell model has been used successfully in the past to study the impact on gene expression from one particular GSM extract [37] . In vitro studies with Perna ® GSM extract (FoodScience Corp., Williston, VT, USA) treated, lipopolysaccharide-stimulated THP-1 monocytes demonstrated a decrease in the production of pro-inflammatory cytokines tumor necrosis factor alpha (TNF-α) and interleukin 12p40 (IL-12p40). In addition, a reduction in the reactive oxygen species produced from mitogen-activated rat neutrophils was also established following Perna ® GSM extract exposure [37, 38] .
Most of the compounds that are functional or bioactive in the GSM extracts are likely to be biosynthesized in the algae which the shellfish consume. However, it is possible that the algal bioactives may be modified in the shellfish or only be active in the matrix of the shellfish extract. To explore this theory, comparisons between the effects of algal extracts compared to GSM extracts with careful determination of the bioactive content would need to be carried out. Exploration in this area could open up exciting avenues for the use of algal extracts to alleviate similar conditions. As the production of algal cultures allows for increased control of bioactive yield and new strategies to improve production efficacy, this could be an appealing opportunity for future manufacturers of products similar to those tested in the studies assessed here.
As our understanding on the key active ingredients in GSM extracts improves, analytical methodology can be used to assess the concentration of these bioactives in GSM feedstocks, extracts, and final product. This will open up new research avenues as more pharmacokinetic studies become a possibility. It will also allow GSM breeding programmes to select for mussel families that produce higher levels of the bioactives of interest, with good bioavailability yielding a more potent feedstock for therapeutic usage in animals and humans alike.
Conclusions
In summary, the majority of the animal studies assessed indicated that GSM extracts provided positive effects for the alleviation of mobility-related disorders such as osteoarthritis and degenerative joint disease. When comparing trial outcomes, there were inconsistencies in the degree of benefit provided, which could be attributed to the different dosages used and the different types of GSM extracts used. In turn, these could affect the concentrations of key bioactives present. Further research is needed to clarify the active ingredients in GSM extracts, to elucidate credible biological mechanisms, and to further optimize the concentration of active ingredients to allow continual improvement in the efficacy of GSM extracts versus NSAIDs and other conventional therapies for the treatment of osteoarthritis.
